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U .  1 .  

I NTRODUCT I ON 

T h i s  e n d - o f - y e a r  r e p o r t  .;ummarizes t h e  p r o g r e s s  made o n  N A S A  
G r a n t  NAG-1-431 ( T h e  Determiriation i>f t h e  U l t r a s o n i c  Proper t i e s  
o f  Composites) f r o m  December ,  1983, t o  November ,  1904. T h e  
r e s e a r c h  e f e f o r t  d e s c r i b e d  h e r e  e n c o m p a s s e d  t w o  f a c e t s  o f  t h e  
p r o p a g a t i o n  o f  u l t r a s o n i c  waves  i n  c o m p o s i t e  s t r u c t u r e s .  T h i s  
r e p o r t  w i l l  i n c l u d e  a s e c t i a n  on t h e  i m a g i n g  of d e l a m i n a t i o n s  a n d  
a s e c t i o n  o n  t h e  t e m p e r a t u r e  d e p e n d e n c e  of t h e  a c o u s t i c a l  
p r o p e r t i e s  of c o m p o s i t e s .  

I .  I m a g i n g  D e l a m i n a t i o n s  i n  F'WC S o l i d  Fiocket Plotors. 

T o  p r o v i d e  q u a n t i t a t i v e  n o n d e s t r u c t i v e  e v a l u a t i o n  (NDE) o f  
c o m p o s i t e  s t r u c t u r e s ,  t w o  f a c e t s  m u s t  b e  e x a m i n e d .  F i r s t ,  t h e  
i n t e r a c t i o n  b e t w e e n  t h e  u l t r a s o n i c  wave a n d  t h e  material m u s t  be 
c l e a r l y  u n d e r s t o o d  a n d  s e c o n d ,  a n y  m e a s u r e d  q u a n t i t y  p r e s e n t e d  de, 
a means; o f  e v a l u a t i n g  d a m a g e  m u s t  a p p e a r  i n  a manner  t h a t  allows 
e a s y  i n t e r p r e t a t i o n  o f  t h e  damage.  W e  h a v e  b e e n  e n g a g e d  i n  a n  
e f f o r t  t o  e x a m i n e  t h e s e  two r e s e a r c h  areas a n d  t h e  n e x t  sect ion 
w i l l  r e v i e w  o u r  p r o g r e s s .  -_ 

A t  t h e  s t a r t  o f  t h e  g r a n t  p e r i o d ,  a r e s e a r c h  o p p o r t u n i t y  arose 
f o r  t h e  s t u d y  o f  t h i c k - w a l l e d  f i l a m e n t  wound c a s i n g  (FWC) 
s t r u c t u r e s .  I - l e r cu le s ,  I n c . ,  of Magna,  U t a h ,  is c o n s t r u c t i n g  t h e  
FWO s o l i d  rocket motors f o r  t h e  space s h u t t l e .  A s o l i d  rocket  
motor of t h i s  s i z e  h a s  n e v e r  been  c o n s t r u c t e d  b e f o r e  a n d  t h e  
q u a n t i t a t i v e  NUE of  s u c h  a s t r u c t u r e  i.; . j u s t  b e i n g  d e v e l o p e d  b y  
b o t h  i n d u s t r y  a n d  g o v e r n m e n t  l a b o r a t o r i e s .  One of; t h e  m e c h a n i s n r s  
0.f i m m e d i  a t e  i m p o r t a n c e  t o  t h e  N U S A  e+ 1:or-t is t h e  q u a n t i  t a t  i v e  
t e c h n o l o g y  f o r  i m a g i n g  d e l a m i n a t i o n s .  

I t  is n e c e s s a r y  t o  i m a g e  d e l a m i n a t i o n s  i n  FWC s t r u c t u r e s  a n d  
d e v e l o p  a r e j e c t / a c c e p t  c r i t e r i a  b a s e d  c m  t h e  a n t i c i p a t e d  e f f e c t  
of t h e  d e l  a m i  n a t  i on  o n  p e r +  ormancc .  

T h e  FWC s t r u c t u r e  is f o r m e d  by w i n d i n g  a f i l a r n e n t  o n t o  a m a n d r e l .  
T h e  f i l a m e n t  is u n d e r  t e n s i o n  and t h e  o r i e n t a t i o n  t o  t h e  c y l i n d e r  
ax i s  i s  v a r i e d  t o  g i v e  r a d i a l  and hoop p l y  d i r e c t i o n s .  I n  t h e  
f i n a l  c o n f i g u r a t i o n  t h e  c y l i n d e r  i s  t w e l v e  feet i n  ' d i a m e t e r  a n d  
h a s  a :;kin t t i i c k n e s s  o f  a b o u t  i -3/4 i n c h e s .  T h e  c y l i n d e r  is 
u n d e r g o i n g  p a r t i a l  c u r e  at raom temperatL. i r -e  w h i l e  t h e  w i n d i n g  
p r o c e e d s  o v e r  t h e  c o u r s e  o f  t e n s  o f  hour.;. Upon c o m p l e t i o n  o f  
w i n d i n g ,  t h e  c y l i n d e r  is  p l a c e d  i n  a n  o v e n  t n  c o m p l e t e  t h e  c u r e  
process .  

A d e l  ami n a t  i wn may b e  c a ~ i s e d  b y  i r i t c r n a l  r e s i d u a l  s tresses,  - 
c o n t a m i n a t i o n ,  o r  i m p r o p e r  c u r e .  I t  is  p o s s i b l e  f o r  a s t r u c t u r e  
of  t h i s  s i z e  t h a t  c o m p r e s s i v e  l o a d s  p r o d u c e d  b y  the m a n u f a c t u r i n g  
p r u c e r j s  c a n  b e  of s u f  .F i c:i e n t  rnagni t u d e  t o  c lose  t h e  d e l  a m i  n a t i  on 
w i t h  r e s p e c t  t o  a p r o p a g a t i n g  a c o u s t i c  wave .  To i n v e s t i g a t e  t h i s  
p o s s i  b i l i t y  , w e  p e r f  orfired a seri of ex p e r  i m e n t s  whi  c h  model e d  a 
t y p i c a l  t r . chniqc . ie  f o r  i m a g i n q  d e l a m i n a t i o n s .  A t e c h n ' i q u e  w h i c h  
is p r e v a l e n t  is t o  c o m p a r e  t h e  C--zjcan s i g n a l  l e v e l  of a r e f e r e n c e  



. . .  , .  

b l o c k  t o  t h a t  of t h e  s p e c i m e n .  Thk r e c e i v i n g  e l e c t r o n i c s  are 
a d  j n s t e d  +or c o m p l e t e  s a t u r a t i o n  w i t h  t h e  r e f e r e n c e  block; w h i c h  
is d e s i g n a t e d  t o  b e  f r e e  o f  m o i n a l i e s . ,  When s c a n n i n g  t h e  
s p e c i m e n ,  a t r i g g e r  is set f o r  a s i g n a l  l e v e l  -40db down f r o m  
t h a t  o f  t h e  reference b l a c k .  Any s i g n a l  b e l o w  t h i s  lwml w i l l  b e  
d e s i g n a t e d  a d e l a m i n a t i o n .  T h u s ,  t h e  o b j e c t i v e  o f  t h e s e  
e x p e r i m e n t s  was t o  e x a m i n e  t h e  e f f e c t  o f  p r e s s u r e  on t h e  
a c o u s t i c a l  s i g n a l  and n o t e  i t s  r e l a t i o n  t o  a r e f e r e n c e  s t a n d a r d .  

T h e  s a m p l e s  u s e d  were p r e p a r e d  f r o m  FWC material w h i c h  w a s  1-3/4 
i n c h e s  t h i c k  a n d  i n  b locks l - i / 2  i n c h e s  o n  a s i d e .  O n e  s a m p l e  
w a s  k e p t  as a r e f e r e n c e  b l o c k  a n d  fou r  o t h e r s  were c u t  t h r o u g h  
t h e  t h i c k n e s s  b y  a d i a m o n d  saw. T h i s  p r o v i d e d  t h e  w o r 5 3 p  case 
p s e u d o - d e l a m i n a t i o n .  

T h e  e x p e r i m e n t a l  a r r a n g w n e n t  is shown i n  f i g u r e  1. T h e  5awn 
s a m p l e s  are p l a c e d  b e t w e e n  t r a n s d u c e r  h o l d e r s  w h i c h  p r o v i d e  
c o n s t a n t  s p r i n g  t e n s i o n  o n  t h e  t r a n s d u c e r s  w h i l e  f o r c e  is a p p l i e d  
t o  t h e  s a m p l e .  T h e  b r o a d - b a n d  1 M I - k  t r a n s d u c e r s  are b o n d e d  t o  t h e  
s a m p l e s  w i t h  p r o p l y e n e  g l y c o l  a n d  d r i v e n  w i t h  a p u l s e d  
osci  1 l a t o r .  T o n e  b u r s t s  0 . f  70 c y c l e s  a t  7201.34~ were amp1 i f  i ed  by  
a 4 0 - w a t t  p o w e r  a m p l i f i e r  t o  d r i v e  t h e  s e n d i n g  t r a n s d u c e r .  T h e  
r e c e i v e d  s i g n a l ,  a m p l i f i e d  by  a w i d e b a n d  2(:)dd* g a i n  p r e a m p ,  is 
i n p u t  t o  a s p e c t r u m  a n a l y z e r  t o  d e t e r m i n e  t h e  s i g n a l  s t r e n g t h  a t  
r eson a n  c e. 

F i g u r e  2 s h o w s  some r e p r e s e n t a t i v e  d a t a .  The r e f e r e n c e  s t a n d a r d  
g a v e  a n  i n d i c a t i o n  o f  -2Bd13 and t h e  d o t t e d  l i n e  i n  t h e  f i g u r e  
r e p r e s e n t s  t h e  s i g n a l  l e v e l  40dB down f r o m  t h i s  r e f e r e n c e .  T h u s ,  
u s i n g  t h e  p r o p o s e d  c r i t e r i a  f o r  d e l a m i n a t i o n ,  a n y  s i g n a l  less 
t h a n  t h e  40dB l i n e  is i n d i c a t i v e  o f  a d e l a m i n a t i o n .  T h e  r e s u l t s  
o f  c o m p r e s s i v e  l o a d s  s h o w s  t h a t ,  a t  a presFxir-e  0.f 47 p o u n d s  p e r  
s q u a r e  i n c h ,  t h i s  s a m p l e  a p p e a r s  ( b y  t h e  -i+(ldB c r i t e r i a )  t o  b e  
f r e e  0 . f  d e l a m i n a t i o n .  

T h u s ,  f o r  a worse case  s i t u a t i o n ,  i t  is p o s s i b l e  t o  mask t h e  
a c o u s t i c a l  i n d i c a t i o n  of  a de lamina t ion .  T h i s  is a d i s t i n c t  
p o s s i b i l i t y  f o r  a s t r u c t u r e  t h a t  i 5  wound uncler t e n s i o n  a n d  is o f  
subs t a n  t i a 1 t h i c k n essi. 

T h i s  i n t r o d u c e s  q u e s t i o n s  about t h e  rel i a b i  1 i t y  o f .  a n y  NDE 
t e c h n i q u e  b a s e d  o n l y  on locjc, o f  s i g n a l  ( - 4 0 d B ) .  A p o s s i b l e  
r e m e d y  could i n c l u d e  m u l t i p l e  C-scan  passes w i t h  v a r y i n g  d y n a m i c  
r a n g e  s e t t i n g s  f o r  t h e  r e c e i v i n g  e l e c t r o n i c s  o r -  u s i n g  w i d e r  
d y n a m i c  r a n g e  t e c h n o 1  o g i e s .  

I I .  . T r r m e r a t u r e  Ur.pr.ndence of t h e  A c o u s t i c a l  P r o p e r t i e s  Of 

. C o m p o s i t e s  

T h e  r e s u l t s  o f  t h i s  e t f o r t  w e r e  p r e s e n t e d  a t  t h e  1904 U l t r a s o n i c s  
Symposium,  a n d  t h e  s u b m i t t e d  a r t i c l e  +or  t h e  p r o c e e d i n g s  of t h a t  
m e e t i n g  is i n c l u d e d  h e r e .  
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ABSTRACT 

U l t r a f i o n l c  a t t e n i i a t i o n  i n  g r a p h i t e  f l b e r -  
r e l n f o r c e d  polymer colapotiltes is t h e  r e s u l t  of two 
mechanisms: a b s o r p t i o n  by t h e  m a t r l x  oiid 
s c a t t e r l n g  by the f i b e r s  and d e f e c t s .  A t e c h n i q u e  
1s d e s c r l b e d  for e x p e r t m e n t a l l y  s e p a r a t i n g  t h e  
a b s o r p t i o n  c o n t r i b u t t o n  from t h e  s c a t t e r l n g  con- 
t r l b u t  lon by meastir lng t h e  t e m p e r a t u r e  dependence 
of t h e  a c o u s t l c  proper t ie f i  of  t h e  composl te .  AM 
the t e m p e r a t u r e  of the  composl te  d e c r e d s e n ,  t h e  
m a t r l x  a t t e n u a t l o n  changes a p p r e c l d b l y ,  whlle 
energy loss by f icdt ter l i iR r r m a l n s  c r l a t i v e l y  
c o n s t a n t .  U l t r a o o n l c  d a t a  1s p r e s e n t e d  oil d 
f l b e r - r e 1  nf o r c c d  polysul fone  composi te  and 
COntrds ted  t o  d a t a  f o r  a p o l y s u l f o n e  p l a t e .  

I. I ir t roduc t l o n  

The l n t e g r a t l o n  of composi tes  l n t o  c r i t l c a l  
components of aerospace  s t r u c t u r e s  depends on 
b e t n g  a b l e  to n o n d e a t r u c t l v e l y  e v a l u a t e  t h e i r  
L n t e g r l t y .  Convent lonul  u l t r a s o n l c  t e c h n i q u e s  
have been u n a b l e  t o  d e t e c t  c r l t l c a l  €lawn such  as 
broken  f l b e r s  and poor matlx-f i b e r  hondlni;. 
D e t e c t i o n  of t h e s e  f l a w s  will r e q u l r e  new 
u l t r a s o n l c  t e c h n i q u e s  which t a k e  a d v a n t a g e  oE t h e  
u n i q u e  p r o p e r t i e s  of composi tes .  Developmcnt of 
t h e s e  t e c h n i q u e s  r e q u l r e s  a b e t t e r  u n d e r s t a n d l n g  
of  t h e  a c o u s t l c  propert lerr  of  composi tes .  

A composl te  of g r e a t  I n t e r e s t  for  iierotipace a p p l l -  
c o t t o n s  is a l a m l n a t l o n  of grcipl i l te  f l b r r  dirraliged 
l n  d l f f e r e n t  d l r e c t l o n s  und r e l n f o r c e d  w l t h  a 
polymer m a t r l x .  The a c w s t l c  p r o p e r t l e s  of t h e  
composl te  depend on t h e  a c o u s t i c  p r o p e r t l e s  of t h c  
m a t r i x ,  f l h e r  aiid ia i t r lx-f  l b e r  i n t e r f a c e  land t h e  
d i r e c t l o n  of t h e  propiijiiltlon l n  t h c  composi te .  
The m i t r i x  it4 a vlscoe l . i s t lc  solld w l c l i  n low 
a c o u s t i c  v r l o c l t y  and h i g h  a c o u t i t i c  a t t e t i u u t l o n .  
The f i b e r  1s a polycry t i t ' i l l ine  solid w l t h  a v e r y  
h l g h  a c o u s t i c  v e l o c i t y  and low a t t e n u a t i o n .  The 
a c o u t i t l c  p r o p e r t l e s  of t h e  m t r l x - f i b e r  l n t e r f d c e  
are unknown. 

For waves p r o p a g a t  lng p e r p e n d i c u l a r  t o  t h e  f l b e r  
d l r e c t l o n ,  one  e x p e c t s  t h e  v r l o c l t y  to  be 
l n c r e a r e d  o v e r  the v e l o c l t y  of t h e  m u t r l x  PY a 
r e s u l t  of t h e  r e l n f o r c l n g  of t h e  f l b e r .  Tho 
a t t e n u a t i o n  in a d e f e c t - f r e e  c o m p o s i t e  l a ,  e x p e c t e d  

*Phys lcs  Department ,  ChrldtOplier  Newport College, 
Newport New6, V l r g t n i a  23606 

t o  r e e u l t  from a b s o r p t i o n  by t h e  matr ix ,  
s c a t t e r l n g  from t h e  f l b e r a  and an a b s o r p t i o n  by 
t h e  m u t r l x - f l b e r  i n t e r f a c e  material. The w t t l x  
p r o p e r t l e s  muy be s e p a r a t e d  from t h e  f l b r r  
p r o p e r t l e n  i n  one  of two ways. The f i r s t  
t e c h n i q u e  l i i v o l v e s  measur ing  the w o u s t  Lc 
p r o p e r t l e n  an a f u n c t i o n  of f r e q u e n c y  as done by 
U l l l i a m s ,  Lee, and Nabye-llaahemi [ I ] .  The second 
t e c h n t q u r .  wliich we p r e s e n t  h e r e ,  t a k e s  a d v a n t a g e  
of t h e  v l a c o e l a e t l c  c h a r a c t e r  of  t h e  m a t r i x ,  a n d  
m a t r l x - f l b e r  I n t e r f a c e .  For a v i s c o e l a s t l c  s o l i d ,  
as I t s  t e m p e r a t u r e  c h a n g e s ,  d r a m a t l c  changes  o c c u r  
l n  i ts a t t e n u n t t o n  c a u s e d  by a b u o r p t i o n .  
c o n t r a t i t ,  t h e  s c a t t e r l n g  component s h o u l d  remain  
u p p r o x l i n a t r l y  c o n s t a n t  as t h e  t e m p e r a t u r e  
changes.  By metlsurlng t h e  t e m p e r a t u r e  dependence  
o f  t h e  a t t e n u i i t l o n  of t h e  r e s i n  And composi te ,  a 
datal buse 1s g e n e r a t e d  f o r  co inpar l son  of d i f f e r e n t  
models for  a c o u t i t l c  p r o p a g a t  ton l n  composi tes .  

The e x p e r l m e n t a l  t e c h n i q u e  f o r  measur lng  the 
i i c o u s t l c  retiponse of t h e  m u t r t x  aird c o m p o s i t e  ae a 
f u n c t i o n  of t e m p e r a t u r e  1s summarlzed l n  
t i e c t l o n  11. S e c t i o n  I I t  p r e s e n t n  R t e c h n l q u e  for 
redi ic lng the o c o u s t l c  r e s p o n s e  t o  t h e  a c o u r r t l c  
properties of the sample.  I n  s e c t i o n  I V ,  w e  
r e p o r t  on meunurcinents made a t  a serlcs of  
d i f f e r e n t  t e m p e r a t u r e s .  A d i s c u s s i o n  of t h e  
r e s u l t t i  1s p r e s e n t e l l  111 s e c t L o n  V .  

In 

11. E x p e r l m e n t a l  Technique  

Tlrc expcr l iuent i l l  ;trr;ingeinent l n  shown l n  
f l g u r e  1. 
t h e  sample to  t h e  t r a n s d u c e r ,  wi th  Nonml g r e a s e  
a c t i n g  u s  t h e  c o u p l t n g  a g e n t  between sample  and 
b u f f e r  rod ,  und t r a n s d u c e r  and b u f f e r  rod. The 
ti .uaplcs tire f h t  plates., w l t h  a t h l c k n e s s  c h o s e n  
t o  k c e p  t h e  dicoliHttC t r a n s l e n t  e lme less t h a n  h a l f  
t h e  t r a n s l e n t  tlme i n  the b u f f e r  rod. A s i n g l e  
c y c l e  of u 5-Mllz s lnc  wcive 1s used to e x c l t e  t h e  
1/2-inc\r d t o m e t e r  5 Mltz t r a n s d u c e r .  Measurements  
of t h e  waveform are d l g l t l z e d  a t  a sample rate of 
100 HIlr a l g n u l  t ivetaged 200 t l m a s  and s t o r e d  on 
computer .  A t y p l c a l  r e s p o n s e  1s s h o r n  i n  
f l g u r e  2 .  

Thc trillrsilucer-buf f e r  rod-snmplc conf  l g u r o t l o n  is 
p l a c e d  l n a l d e  t h e  l n t e r l o r  chamber o f  a two- 
chamber l n s u l u t e d  box. L l q u l d  n i t r o g e n  l a  p l a c e d  
l n  t h e  e x t e r l o r  chamber and a l l o w e d  CO s l o w l y  bo l l  
off .  A chromel-alumel  thermocouple  m o n i t o r s  the  
t e m p e r a t u r e  of t h e  sample.  A t  l s - m t n u t e  l n v e r v a l e  

A g l a s s  b u f f e r  rod o c o u s t l c a l l y  c o u p l e s  
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t h e  a c o u s t i c  r e s p o n s e  and t e m p e r a t u r e  of t h e  
s a m p l e  are measured. 

TRANSDUCER 

BUFFER ROD 

SAMPLE 

1 

PULSER I 

Fig. 1 E x p e r i m e n t a l  a r rangement .  

111. Data R e d u c t i o n  

The a c o u s t i c  r e s p o n s e  of  t h e  sample needs  t o  be 
r e d u c e d  to d e t e r m i n e  t h e  a c o u s t i c  p r o p e r t i e s  of 
t h e  sample. 
v a r t a t l o n  of  a t e c h n i q u e  of. Papadakie ,  Fowler, a n d  
Lynnworth 121. The a c o u s t i c  r e s p o n s e  as seen i n  
f i g u r e  2 is a r e s u l t  of t h e  r e f l e c t i o n  from t h e  

The waveform is a n a l y z e d  u s i n g  a 

1 I 

---- c 

-0.oa 
0. I .  a. J. ~ 5. a. 7. a. 

*WE 

Fig. 2 A c o u s t i c  r e s p o n s e  o f  b u f f e r  
r o d / p o l y s u l f o n e  sample a t  -2OOC. 

sample-buffer  rod i n t e r f a c e  and t h e  f i r s t  and 
s e c o n d  e c h o e s  from t h e  back s u r f a c e  OC t h e  
sample.  The r e f l e c t i o n  from t h e  t n t e r f d c e  between 
t h e  b u f f e r  rod and  t h e  sample  is utied to  f i t  t h e  
e c h o e s  from t h e  back s u r f a c e  of  t h e  sample  us ing  
t h e  e x p r e s s i o n  

2-2d(K,+ K2w) - Ziwdlc 
( 1  - R )e 

R 

-4d(K1 + K2 W )  - 4 i ~ d / c  

(1) 
- R 2 ( 1  - R 2 ) e  

R 

where R l e  t h e  r e f l e c t i o n  c o e f f i c i e n t ,  d is the 
t h i c k n e s s ,  c t s  t h e  l o n g i t u d i n a l  v e l o c i t y ,  K1 
a n d  K2 g i v e  the f r e q u e n c y  dependence o f  t h e  
a t t e n u a t i o n ,  which is  assumed to be a c o n s t a n t  
p l u s  a l t n e a r  f r e q u e n c y  dependent  term. T h i s  
e x p r e s s i o n  is convolved  with t h e  echo  from the 
b u f f e r  rod-sample i n t e r f a c e  and used  as t h e  ' 

f i t t i n g  f u n c t i o n  i n  a least s q u a r e s  r o u t i n e  
u s i n g  R, c, K1 a n d  K2 as i n d e p e n d e n t  
v a r i a b l e s .  It s h o u l d  be n o t e d  h e r e  tha t  t h i s  
t e c h n i q u e  assumes t h e  bond t h i c k n e s s  is t h i n  
enough to  c a u s e  a n e g l i g i b l e  error. I f  t h i s  is 
n o t  t h e  case it s h o u l d  show up in an i n a b i l i t y  t o  
f i t  the d a t a  with e q u a t i o n  (1). 

I V .  R e s u l t s  

The a c o u s t i c  a s p o n r e  as a f u n c t i o n  o f  t e m p e r a t u r e  
was measured f o r  a c o m p o s i t e  p l a t e  c o n s i s t i n g  of 
g r a p h i t e  f i b e r  and a p o l y s u l f o n e  matrix. The com- 
p o s i t e  t s  a 50-ply l a m i n a t e d  p l a t e  w i th  0- a n d  
90-degree a l t e r n a t i n g  f l b e r  o r i e n t a t i o n s .  The 
t h i c k n e s s  of  t h e  c o m p o s i t e  p l a t e  w a s  6.2 ma. The 
f i t  of  the r e s p o n s e  u s i n g  t h e  t e c h n i q u e  d e t a i l e d  
i n  t h e  p r e v i o u s  s e c t i o n  is shown in f i g u r e  3. As 

Fig .  3 E x p e r l m e n t a l  d a t a  (-) and f i t  (---) 
using Eq. (1) f o r  t h e  c o m p o s i t e  sample  
a t  - 2 0 ' ~ .  

c a n  be seen f rom t h e  f i g u r e ,  t h e  f i t  is q u i t e  good 
so t h a t  t h e  a c o u s t i c  p r o p e r t i e s  d e t e r m i n e d  from 
the f i t  r h o u l d  he a c c u r a t e .  - 
For  compar ison ,  t h e  acoucl t tc  r e s p o n s e  was measured  
as a f u n c t i o n  of  t e m p e r a t u r e  f o r  a p o l y s u l f o n e  
p l a t e .  The p o l y s u l f o n e  was o b t a i n e d  from 3-nn 
t h i c k  s h e e t  s t o c k .  Its measured r e s p o n s e  w a s  also 

5 
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a n a l y z e d  to de termine  its a c o u s t i c  v e l o c i t y  and 
a t t e n u a t i o n  u s i n g  the  t e c h n i q u e  d e s c r i b e d  
p r e v i o u s l y .  

A compar ison  of the change i n  v e l o c i t y  as a 
f u n c t i o n  of t e m p e r a t u r e  for  the p o l y s u l f o n e  m a t r i x  
and  t h e  c o m p o s i t e  are shown i n  f i g u r e  4. As 

composi te .  
a p p r o x i m a t e l y  -35OC. 
peak a t  -25OC. 
s o u r c e s .  P i r H t ,  i t  may be  a r e s u l t  of  the 
e x p e r l m e n t a l  error i n  t h e  measurement. Second,  
the m a t r i x  m a t e r i a l  is d i s s o l v e d  i n  s o l v e n t  b e f o r e  
a p p l y i n g  i t  t o  t h e  f i b e r ;  t h e  s h i f t  i n  the 
r e l a x a t i o n  peak may be the r e s u l t  of r e s i d u a l  
s o l v e n t  which remains  a f t e r  t h e  f a b r i c a t i o n  o f  t h e  
composi te .  T h i r d ,  t h e  s h i f '  may r e s u l t  f rom a 
v i u c o e l a e t i c  m a t r i x - f i b e r  i n t e r f a c e  material, 
which may c o n t r i b u t e  to  t h e  r e l a x a t i o n  mechanism. 

A s i m p l e  two-component model c a n  be used to  relate 
t h e  a t t e n u a t i o n  of the matrix t o  t h e  a t t e n u a t i o n  
of t h e  composi te .  The model  assumes  t h a t  only t h e  
t a s t r l x  dominutes  t h e  a b s o r p t i o n  component of the 
n t t e n u a t l o n  w h i l e  t h e  s c a t t e r i n g  component is 
t e m p e r a t u r e  i n s e n s i t t v e .  The t o t a l  a t t e n u a t i o n  in 
t h e  c o m p o s l t e  is f a c t o r e d  i n t o  two components  

The matrix h a s  a r e l a x a t i o n  maximum at  

This o f f s e t  may be  c a u s e d  by three 
The c o m p o s i t e  h a s  a similar 

0.2. -I 

J 0.26 3 

0 - 0  c m a t r i x  * "f + O s  

where V is e q u i v a l e n t  to a volume f r a c t i o n  o f  
t h e  m t r f x  and o is t h e  e c a t t e r i n g  c o n t r i b u t i o n  
t o  t h e  a t t e n u a t i o k  Vf and  o are v a r i e d  t o  
g l v e  t h e  l e a a t  s q u a r e s  f l t  of tge e x p e r i m e n t a l l y -  
measured t e m p e r a t u r e  dependence  of  t h e  a t t e n u a t l o n  
of the c o m p o s i t e  shown i n  f i g u r e  6 .  The v a l u e  

F ig .  4 Tempera ture  dependence of v e l o c i t y  f o r  
p o l y s u l f o n e  (0) and t h e  compool te  (X ) .  

e x p e c t e d  t h e  composl te  h a s  a h i g h e r  v e l o c l t y  tli.in 
the m t r i x  r e s u l t i n g  from t h e  r e i n f o r c e m e n t  of t h o  
f i b e r s .  Both samples  ahow a n  i n c r e a s e  i n  t h e  
v e l o c i t y  as t h e  t e m p e r a t u r e  d e c r e a s e s ,  which i o  
c h a r a c t a r L s t i c  o f  a v i s c o e l a s t i c  s o l i d .  A 
t h i c k n e s s  c o r r e c t i o n  f o r  thermal  c o n t r a c t l o l l  l a  
n o t  i n c l u d e d ,  s i n c e  the c o e f f i c i e n t r  of t h e r m a l  
e x p a n s i o n  are n o t  known f o r  t h e  c o m p o s i t e  and t h e  
m a t r i x .  

. m 

* -  1 
F i g u r e  5 shows a comparison of  t h e  a t t e n u a t t o n a  ua 
a f u n c t i o n  of t e m p e r a t u r e  f o r  t h e  m a t r i x  and the  

t I 1.6, I 1 1 

-100. 40. -M. -70. -LO. -30. - y, -JQ. -p. -IO. 0. IO. ao. 
1EYPCUruRC CC*lICI*Dc 

Fig. 6 T e m p e r a t u r e  dependence  of  t h e  a t t e n u a t i o n  
of t h e  c o m p o s i t e  (X)  and a f i t  (0) u s i n g  
eq. ( 2 ) .  

found from t l r i s  d a t a  fo r  t h e  volume f r a c t i o n  of , 

t h e  m a t r i x  is  40 p e r c e n t  which  is Ln t h e  r a n g e  o f  
30-50 p e r c e n t  for c o m p o s i t e s .  T h i s  a l so  s u g g e s t s  
t h e  s c a t t e r i n g  c o n t r i b u t i o n  t o  t h e  a t t e n u a t i o n  is 
0.23 (l/cm) which  le a b o u t  n t h i r d  o f  t h e  r o o m  
t e m p e r a t u r e  a t t e n u a t i o n .  The model d o e s  n o t  g i v e  - 
a p e r f e c t  f i t  of  t h e  d a t a ,  b u t  i l l u s t r a t e s  how t h e  
t e m p e r a t u r e  c h t e  c a n  be used  to check  d i f f e r e n t  
modela f o r  t h e  a c o u s t i c  p r o p e r t i e s  of  composi teu .  

t 

Fig.  5 Tempera ture  dependence of  a t t e n u a t i o n  f o r  
p o l y s u l f o n e  (0) and the c o m p o s i t e  (X). 
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V. Conclus ion  

I n  t h i s  s t u d y  we have demonst ra ted  a t echn ique  for 
e x p e r i m e n t a l l y  s e p a r a t i n g  t h e  c o n t r i b u t i o n  of 
s c a t t e r i n g  to t h e  a t t e n u a t i o i l  from t h e  a t t e n u a t i o n  
r e s u l t i n g  from the v i s c o e l a s t i c  a b s o r p t i o n .  The 
t echn ique  measures t h e  a t t e n u a t i o n  of  t h e  m a t r i x  
material and t h e  composi te  as a f u n c t i o n  of 
t empera tu re .  The change i n  t h e  a t t e n u a t i o n  from 
v i s c o e l a s t i c  a b s o r p t i o n  h a s  a d r a m a t i c  t empera tu re  
dependence ,  vhF le  t h e  s c a t t e r i n g  c o n t r i b u t i o n  hau 
l i t t l e  t e m p e r a t u r e  dependance. The r e s u l t i n g  d a t a  
can  be used t o  e v a l u a t e  d i l f e r e n t  models for 
a c o u s t i c  p r o p a g a t i o n  Ln composi tes .  
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